ABSTRACT
INTRODUCTION
The expansion of trinucleotide repeats (TNR) is associated with over 40 human neurodegenerative diseases including Huntington's disease (CAG/CTG), Friedreich's ataxia (GAA/TTC) and myotonic dystrophy (CTG/CAG) (1,2), among others. The repeat instability results from non-B form DNA secondary structures including hairpins, triplexes, tetraplexes and sticky DNA (3) formed during DNA replication, repair, recombination and gene transcription (4) (5) (6) . Recent studies have shown that the repair of oxidative DNA damage within TNRs is associated with somatic TNR instability (7) (8) (9) (10) (11) . During the repair of oxidized base lesions such as 8-oxoguanine (8-oxoG) , an abasic site is incised at its 5 -side generating a nick in the DNA backbone. If this occurs in TNRs, it allows the formation of hairpins in the DNA, which leads to repeat expansions and deletions if the hairpins are incorporated into the DNA and sustained upon completion of repair (8, 11) . It has been proposed that repeated cycles of oxidative DNA damage and BER lead to cumulative repeat expansions through a 'toxic oxidation cycle,' which can result in the onset of disease caused by TNR expansion (2, 7, 12) .
We previously reported that the location of a DNA base lesion within a TNR repeat tract determines whether an expansion or deletion occurs, with a lesion near the 5 -end leading to expansions and a lesion in the middle leading to deletions (11) . An 8-oxoG located in the hairpin loop has been found to be resistant to DNA repair (12) , resulting in the accumulation of the lesion and sustainment of the hairpin loop that leads to repeat expansion. However, we have discovered that during BER in a TNR hairpin loop, the hairpin can be converted to a double-flap intermediate, containing an upstream 3 -flap and a downstream 5 -flap, which can be subsequently resolved by a 3 -5 endo/exonuclease, Mus81/Eme1 and flap endonuclease 1 (FEN1), respectively. This subsequently results in hairpin removal and prevention or attenuation of TNR expansions (13) .
AP endonuclease 1 (APE1) is a multi-functional protein abundant in human cells (14) (15) (16) (17) that is essential in maintaining multiple cellular functions. This is demonstrated by the lethality of APE1 knockout in mice (18) . The enzyme can endonucleolytically incise the 5 -end of an abasic site in duplex DNA and in single-stranded DNA (19) , including a TNR hairpin loop (13, 19) , by hydrolyzing the phosphodiester bond during BER. In addition, APE1 can promote the recycling of DNA glycosylases by dislodging the glycosylase from an abasic site, resulting in stimulation of the activity of the enzymes such as 8-oxoG DNA glycosylase 1 (OGG1) (20, 21) which efficiently initiates BER (22) (23) (24) . APE1 can also stimulate the activity of FEN1 via a physical protein-protein interaction and the activity of DNA ligase I (LIG I) (25, 26) , as well as stimulate the activities of both the polymerase and deoxyribose phosphate (dRP) lyase activities of polymerase ␤ (pol ␤) (27) by facilitating pol ␤ binding to a gapped DNA and dRP residue (28) , thereby enhancing the efficiency of BER (25, (27) (28) (29) . Furthermore, APE1 can physically interact with proliferating cell nuclear antigen (PCNA) (26) , suggesting its involvement in BER coordination (30, 31) . In addition, APE1 has 3 -5 exonuclease activity (32) that is 100-fold less efficient than its AP endonuclease activity (17) . The exonuclease activity of APE1 can be regulated by poly(ADP-ribose) polymerase-1 (PARP-1), as these proteins have been shown to compete for binding to the 5 -end of a gapped intermediate during BER (33) . However, the competition between PARP-1 and APE1 in binding to BER intermediates stimulates APE1 3 -5 exonuclease activity, suggesting that APE1 is dislodged by PARP-1 from the 5 -end of a BER intermediate, allowing its binding to the 3 -end of a BER intermediate on which the exonuclease activity can act (33) . It has been shown that APE1 3 -5 exonuclease activity removes a 3 -mismatch and may provide proofreading activity for pol ␤ during BER (34) (35) (36) , indicating a crucial role of APE1 3 -5 exonuclease in maintaining genome integrity. The APE1 exonuclease activity has also been found to be able to remove 3 -blocking groups such as L-configuration nucleoside analogs (37) , suggesting its importance in trimming the 'dirty 3 -end' of a BER intermediate to facilitate the completion of BER. However, the role of the exonuclease activity of APE1 in sustaining genome stability remains unknown. We previously showed that the 3 -5 flap endonuclease activity of the Mus81/Eme1 complex promotes the removal of a TNR hairpin by cleaving the 3 -flap of a double-flap intermediate generated by BER in a TNR hairpin loop (13) . Yet, no BER protein that can process a 3 -5 flap during BER in a TNR hairpin has been identified. Because APE1 exhibits 3 -5 exonuclease activity that can process mismatches at the 3 -end of an upstream DNA strand, we hypothesized that the 3 -5 exonuclease activity may shorten the upstream 3 -flap of a double-flap intermediate resulting from the incision of the loop region of a TNR hairpin during BER. This could subsequently promote the removal of the hairpin, thereby facilitating prevention or attenuation of TNR expansions. We tested this hypothesis by reconstituting BER on both TNR hairpins containing a base lesion in the loop region and on the double-flap intermediates that are generated during BER. We found that APE1 promoted the removal of a TNR hairpin during BER of a base lesion in the hairpin loop region. This was accomplished by the 3 -5 exonuclease activity of the enzyme that cleaved the upstream 3 -region exonucleolytically, resolving the double-flap intermediate and preventing TNR expansions. Surprisingly, we also found that APE1 significantly stimulated the ligation activity of LIG I to specifically facilitate the completion of hairpin removal. This is the first evidence of APE1 preventing TNR expansions by facilitating hairpin removal.
MATERIALS AND METHODS

Materials
The DNA oligonucleotides which contain an 8- APE1 and FEN1 were expressed in Escherichia coli and purified as described below. Oligonucleotide substrates were prepared as described previously (13) . Briefly, substrates containing a (CAG) 7 or (CAG) 14 hairpin were constructed by annealing a damaged strand containing an 8-oxoG or THF, an analog of an abasic site, in the loop-forming region of a (CAG) 13 or (CAG) 20 tract with a template strand containing (CTG) 7 repeats at a molar ratio of 1:2. Substrates mimicking the double-flap intermediates with a 5 -sugar phosphate residue, the THF residue, were constructed by annealing an upstream primer containing a 3 -(CAG) 4 or (CAG) 7 flap and a downstream primer containing a 5 -(CAG) 3 or (CAG) 7 flap with the template strand at a molar ratio of 1:2:2. For each substrate, three CAG repeats located at both the 5 -and 3 -side of the hairpins/flaps, base paired with three CTG repeats in the template strand. Oligonucleotide sequences were described previously (13) . Substrates were labeled with 32 P at the 5 -or 3 -end of the damaged strand, or at the upstream primer or downstream primer, as indicated.
Protein expression and purification
FEN1 was expressed in E. Coli BL21(DE3). Two liters of lysogeny broth (LB) medium were inoculated with one colony each of the transformed BL21(DE3) cells and were incubated overnight without shaking. The cells were then incubated at 37
• C at 225 rpm until OD 600 reached 0.6. The protein expression was induced with 1 mM IPTG for 3.5 h and harvested by centrifugation at 2600 rpm for 45 min at 4
• C. Cells were lysed with a French press cell disruptor (Glen Mills, Clifton, NJ, USA) in lysis buffer which contained 30 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.5, 30 mM KCl, 1 mM dithiothreitol (DTT), 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 0.5% inositol. The cell lysates were centrifuged at 12 000 rpm for 30 min at 4
• C. The supernatant was loaded onto a 10-ml Sepharose Q column operated by an AKTA Fast Protein Liquid Chromatography system (FPLC) (GE Healthcare, Piscataway, NJ, USA). The flow-through was collected and dialyzed into buffer containing 30 mM HEPES, pH 7.5, 30 mM KCl, 0.5% inositol and 1 mM PMSF, and subsequently loaded onto a 5-ml CM sepharose column (Bio-Rad), with fractions eluted using a linear gradient of KCl from 30 mM to 2 M. Peak fractions were combined and dialyzed into buffer containing 30 mM HEPES, pH 7.5, 0.5% inositol, 1.7 M (NH 4 ) 2 SO 4 and 1 mM PMSF. Samples were then loaded onto a 2-ml phenyl sepharose column, with fractions eluted using a linear gradient of (NH 4 ) 2 SO 4 from 1.7 M to 0 M. The peak fractions were combined and dialyzed into buffer containing 30 mM HEPES, pH 7.5, 30 mM KCl, 0.5% inositol and 1 mM PMSF. Samples were then loaded onto a 1-ml Mono-S column (GE Healthcare, Piscataway, NJ, USA), and eluted using a linear gradient of KCl (30 mM to 2 M). Purified FEN1 was aliquoted and frozen at −80
• C until further use. APE1 was expressed in E. Coli BL21(DE3). Two liters of LB medium were inoculated with one colony each of the transformed BL21(DE3) cells and were incubated overnight without shaking. The cells were then incubated at 37
• C at 225 rpm until OD 600 reached 0.6. The APE1 expression was induced by 0.5 mM IPTG for 3.5 h. Cells were harvested by centrifugation at 2500 rpm for 30 min at 4
• C. The supernatant was discarded and cell pellets were lysed in lysis buffer, which contained 50 mM HEPES, pH 7.5, 30 mM NaCl, 1 mM DTT, 1 mM EDTA and 1 mM PMSF. The cell lysates were centrifuged at 12 000 rpm for 30 min at 4
• C. The supernatant was loaded onto a 10-ml sepharose Q column operated by an AKTA FPLC. The flow-through was collected and dialyzed into buffer containing 50 mM HEPES, pH 7.5, 30 mM NaCl and 1 mM PMSF, and then loaded onto a 5-ml CM sepharose column (Bio-Rad), with fractions eluted using a linear gradient of NaCl (30 mM to 2 M). The peak fractions were combined and dialyzed into buffer containing 50 mM HEPES, pH 7.5, 30 mM NaCl and 1 mM PMSF. Samples were then loaded onto a 1-ml Mono-S column, and eluted using a linear gradient of NaCl from 30 mM to 2 M. Peak fractions were combined and dialyzed into buffer containing 50 mM HEPES, pH 7.5, 1.7 M (NH 4 ) 2 SO 4 and 1 mM PMSF. Samples were then loaded onto a 2-ml phenyl sepharose column, with fractions eluted using a linear gradient of (NH 4 ) 2 SO 4 ranging from 1.7 M to 0 M. Purified APE1 was aliquoted and frozen at −80 • C until further use.
Reconstituted BER assay
In vitro BER of an 8-oxoG or abasic site analog, THF, in the loop region of a (CAG) 7 or (CAG) 14 hairpin was carried out by incubating 50 nM substrate with the indicated concentrations of OGG1, APE1, pol ␤, FEN1 and LIG I. Substrates containing an 8-oxoG were initially incubated with OGG1 (100 nM) and APE1 (50 nM) at 37
• C for 30 min. Substrates were then subject to a phenol:chloroform extraction for removing the OGG1 and APE1. The cleaved substrates were then precipitated with ethanol and resuspended for the BER assay. Substrates containing a THF in the hairpin loop were pre-cleaved with APE1 alone and subject to the BER assay. BER of an abasic site, the THF residue, within the loop of the (CAG) 7 and (CAG) 14 hairpins was measured by incubating 25 nM substrates with the indicated concentrations of APE1, pol ␤, FEN1 and LIG I. All reactions were carried out in reaction buffer containing 50 mM Tris-HCl, pH 7.5, 50 mM KCl, 0.1 mM EDTA, 0.1 mg/ml bovine serum albumin (BSA), 0.2 mM DTT and 0.01% Nonidet P-40, with 5 mM MgCl 2 , 2 mM ATP and 50 M dNTPs. The reaction mixtures were incubated at 37
• C for 15 min, and terminated by addition of stopping buffer containing 95% formamide and 10 mM EDTA. Reaction mixtures were denatured at 95
• C for 10 min and separated by 15 or 18% urea-denaturing polyacrylamide gel electrophoresis. Substrates and products were detected and analyzed using a Pharos FX Plus Phosphorimager from Bio-Rad.
BER enzymatic activity assay
The activities of APE1 AP endonuclease and APE1 3 -5 exonuclease, as well as FEN1 flap cleavage activity on the (CAG) 7 and (CAG) 14 hairpin substrates and double-flap substrates were measured by incubating 50 or 100 nM substrates with the indicated concentrations of FEN1, APE1 and pol ␤ in reaction buffer containing 50 mM Tris-HCl, pH 7.5, 50 mM KCl, 0.1 mM EDTA, 0.1 mg/ml BSA, 0.2 mM DTT and 0.01% Nonidet P-40, with 5 mM MgCl 2 and 50 M dNTPs. The reaction mixtures were incubated at 37
• C for 10 min and separated by 15% urea-denaturing polyacrylamide gel electrophoresis. Substrates and products were detected using a Pharos FX Plus Phosphorimager (Bio-Rad Laboratory).
The effects of APE1 on LIG I activity
The effects of APE1 on LIG I activity were determined via in vitro reconstitution of BER on the double-flap substrates resulting from APE1 5 -incision of an abasic site within the loop of the (CAG) 7 and (CAG) 14 hairpins at low concentrations of APE1 (0.5 and 1 nM) that exhibit little3 -5 exonuclease activity, and LIG I (1 nM). Twenty five nanomolar substrates were incubated with the indicated concentrations of FEN1, APE1, pol ␤ and LIG I in reaction buffer containing 50 mM Tris-HCl, pH 7.5, 50 mM KCl, 0.1 mM EDTA, 0.1 mg/ml BSA, 0.2 mM DTT and 0.01% Nonidet P-40, with 5 mM MgCl 2 , 2 mM ATP and 50 M dNTPs. The reaction mixtures were incubated at 37
• C for 15 min, and terminated by stopping buffer containing 95% formamide and 10 mM EDTA. Reaction mixtures were denatured at 95
• C for 10 min and separated by 15 or 18% urea-denaturing polyacrylamide gel electrophoresis. Results were analyzed using a Pharos FX Plus Phosphorimager (Bio-Rad Laboratory).
RESULTS
APE1 stimulates CAG repeat hairpin removal during BER of a base lesion in a hairpin loop
To determine whether APE1 can facilitate the removal of a CAG repeat hairpin during BER within the loop of the hairpin, we reconstituted BER using synthesized oligonucleotide substrates containing either a (CAG) 7 or (CAG) 14 hairpin with an 8-oxoG (Figure 1 ) or abasic site analog, tetrahydrofuran (THF) (Figure 2 ), in the loop region of the hairpin. We found that during BER of an 8-oxoG in the loop of the small (CAG) 7 hairpin, the production of the 'repaired unexpanded product', the product with the same length as the template strand, was significantly increased in the presence of 50 and 100 nM APE1 ( Figure 1 , lanes 7-8 and lanes 10-11) compared to the amount of product resulting from BER in the absence of APE1 (Figure 1 , lanes 6 and 9). During BER of an 8-oxoG in the loop of the large (CAG) 14 hairpin, 50 and 100 nM APE1 resulted in the production of the repaired unexpanded product ( Figure 1 , lanes 18-19 and lanes [21] [22] , whereas little unexpanded product was generated in the absence of APE1 (Figure 1 , lanes 17 and 20). APE1 alone failed to produce any repair products ( Figure 1 , lanes 4-5 and lanes [15] [16] . Consistent with the findings from BER of the 8-oxoG in the hairpin loop, 50 and 100 nM APE1 also resulted in the production or an increase in the amount of repaired unexpanded product during BER of a THF in the loop region of the (CAG) 7 and (CAG) 14 
APE1 stimulates the processing of a double-flap intermediate during BER
Our previous studies have shown that during BER of a base lesion within the loop of a CAG repeat hairpin, the hairpin is converted to a double-flap intermediate as a result of APE1 5 -incision of an abasic site (13) . We found that the double-flap intermediate was then processed by a 3 -5 flap endonuclease, Mus81/Eme1 and FEN1 5 -flap cleavage (13) . This led to cleavage of the flaps, thereby resulting in the removal of the hairpin. We further hypothesized that APE1 is also involved in the processing of a double-flap intermediate by employing its 3 -5 exonuclease activity to process the upstream 3 -flap, thereby promoting removal of a TNR hairpin structure. To test this, we reconstituted BER with a substrate containing an upstream 3 -(CAG) 4 flap and a downstream 5 -(CAG) 3 flap with a THF residue, as well as with a substrate containing a (CAG) 7 flap on both the upstream and downstream strands with a 5 -THF residue, in the absence and presence of APE1. These substrates simulate the double-flap intermediates produced by APE1 5 -incision of the (CAG) 7 and (CAG) 14 hairpins, respectively. We found that BER reconstituted with FEN1 (0.5 and 1 nM) and LIG I (5 nM) without and with pol ␤ (5 nM) on the (CAG) 3 /(CAG) 4 double-flap substrate, resulted in the production of a significant amount of the repaired unexpanded product ( Figure 3A , lanes 6, 9 and 12). However, 50 and 100 nM APE1 did not significantly alter the production of the unexpanded repaired product with the substrate (Figure 3A , compare lanes 7-8 with lane 6, lanes 10-11 with lane 9 and lanes 13-14 with lane 12). Further characterization of the 3 -5 exonuclease activity of APE1 showed that 50 and 100 nM APE1 exhibited efficient 3 -5 exonuclease activity that generated a significant amount of exonucleolytic cleavage products ( Figure 3A, lanes 4-5) . This indicated that APE1 cleaved the upstream CAG repeats exonucleolytically. The results showed that APE1 exonuclease did not play a significant role in the removal of the short double-flaps, suggesting that FEN1 flap cleavage plays a predominant role in processing the short double-flaps. Interestingly, we found that BER with the substrate containing long double-flaps in the presence of FEN1 (1 nM) and LIG I (5 nM) only resulted in a series of repaired products that are longer than the repaired unexpanded product ( Figure 3A , lanes 20 and 23), but shorter than the original hairpin-containing substrate. They were termed 'repaired expanded product' (Figure 3A, lanes 20-25) . This occurred in the absence and presence of pol ␤ (10 nM) ( Figure 3A , lanes [20] [21] [22] [23] [24] [25] indicating that the production of the expanded products was independent of pol ␤. However, we found that the presence of 50 and 100 nM APE1 resulted in the formation of repaired unexpanded product ( Figure 3A , lanes 21-22 and lanes [24] [25] . APE1 alone failed to generate the product ( Figure 3A , lanes [18] [19] , indicating that the product was specifically generated through BER. However, APE1 failed to affect the production of repaired expansion products during BER (Figure 3A , compare the amount of repaired expanded products in lanes 21-22 and lanes [24] [25] with that in lanes 20 and 23) . This suggests that APE1 promoted the complete resolution of the long double-flap intermediate resulting from a (CAG) 14 hairpin, thereby specifically stimulating the production of repaired unexpanded product. To further determine the effect that is specifically from APE1 on the production of repaired unexpanded products during BER, we reconstituted BER with 50 and 100 nM APE1 without or with a low concentration of FEN1 (1 nM) with the doubleflap substrates without a THF residue. We found that on the short (CAG) 3 /(CAG) 4 double-flap substrate, APE1 (50 and 100 nM) along with LIG I (5 nM) was sufficient to generate repaired unexpanded product in the absence and presence of 10 nM pol ␤ ( Figure 3B, lanes 7-8 and lanes  10-11) . This indicated that APE1 facilitated the processing of the short (CAG) 3 /(CAG) 4 double-flap by cleaving the upstream strand via its 3 -5 exonuclease activity independent of FEN1. The production of the repaired unexpanded product was significantly stimulated by the presence of 1 nM FEN1 ( Figure 3B , left panel, lanes 13-14 and lanes [16] [17] . To further determine the specific effect of APE1 on the removal of the long (CAG) 7 /(CAG) 7 double- flaps, we reconstituted BER with the substrate containing (CAG) 7 /(CAG) 7 double-flaps without the 5 -THF residue in the absence and presence of FEN1 (1 nM) ( Figure 3B , right panel). We found that 50 and 100 nM APE1 alone or APE1 along with LIG I (5 nM) in the absence and presence of pol ␤ (10 nM) failed to produce any repair products (Figure 3B, lanes 21-22, lanes 24-25 and lanes 27-28) . BER reconstituted with FEN1 and LIG I produced only repaired expanded products without and with pol ␤ (10 nM) (Figure 3B, lanes 29 and 32) . However, BER reconstituted with APE1, FEN1 and LIG I in the absence and presence of pol ␤ resulted in the production of a significant amount of the repaired unexpanded product ( Figure 3B, lanes 30-31 and  lanes 33-34) . The results indicated that APE1 significantly promoted the removal of both the short (CAG) 3 /(CAG) 4 and long (CAG) 7 /(CAG) 7 (Figure 4) . We found that 10-100 nM APE1 exonucleolytically cleaved the upstream 3 -flap of the (CAG) 3 /(CAG) 4 doubleflap substrate, leading to the production of cleavage products that are shorter than the substrate (Figure 4 , lanes 2-5 and lanes 7-10). APE1 exonucleolytic cleavage was slightly greater on the substrate lacking the THF residue (compare lanes 7-10 with lanes 2-5). The results indicated that the APE1 3 -5 exonuclease activity efficiently processed the short 3 -upstream strand of the double-flap intermediate resulting from a small CAG repeat hairpin. To further determine if APE1 can process a long 3 -CAG repeat flap, we examined the APE1 activity on the (CAG) 7/ (CAG) 7 doubleflap substrate, without or with the THF residue. The results showed that 10-100 nM APE1 resulted in the production of a small amount of exonuclease cleavage product from the (CAG) 7/ (CAG) 7 double-flap substrate with a THF (Figure 4 lanes 12-15) . For the double-flap substrate without a THF, a small amount of APE1 exonucleolytic cleavage products was also generated (Figure 4, lanes 17-20) . This indicated that APE1 3 -5 exonuclease cleaved a long upstream 3 -flap with a low efficiency. This further suggests that the resolution of the long double-flap intermediate formed from the larger (CAG) 14 hairpin during BER requires a coordinated activity between APE1 and other nucleases such as FEN1 that can resolve the double-flap intermediate through its endonucleolytic cleavage of a 5 -flap. . Thus, the results indicated that APE1 failed to stimulate FEN1 cleavage activity in processing the short and long double-flap intermediates during BER. We therefore concluded that the stimulation of the removal of a CAG repeat hairpin by APE1 was not the result of APE1 stimulation of FEN1 cleavage activity.
APE1 fails to directly
APE1 promotes the production of the unexpanded repair product by stimulating LIG I
A study from the Bambara group showed that APE1 can stimulate LIG I activity to promote ligation of a nick and facilitate the formation of repaired products during BER (25) . Thus, it is possible that APE1 may also stimulate LIG I activity to promote the removal of a CAG repeat hairpin and facilitate the production of the repaired products during BER of a base lesion in a hairpin loop. To test this possibility, we determined the effects of APE1 on LIG I activity independent of its 3 -5 exonuclease activity by measuring the production of the repaired products in the presence of low concentrations of APE1 (0.5 and 1 nM) that exhibited a low 3 -5 exonuclease activity on the (CAG) 3 /(CAG) 4 double-flap substrate (Supplementary Figure S1, lanes 3-4) and little exonucleolytic activity on the (CAG) 7 /(CAG) 7 double-flap substrate (Supplementary Figure S1, lanes 9-10) . We found that low concentrations of APE1 failed to alter the production of repaired products resulting from a short double-flap substrate ( Figure 6 , compare lanes 5-6 with lane 4 and lanes 8-9 with lane 7) indicating that APE1 did not significantly alter LIG I activity during removal of a small hairpin. However, the same concentrations of APE1 resulted in the production of the unexpanded product on The results indicated that APE1 stimulated the ligation activity of LIG I, thereby promoting the production of the unexpanded repair product. Interestingly, we observed that the same concentrations of APE1 failed to stimulate the production of shortened repaired expanded products (Figure 6, lanes 14-15, lanes 17-18) suggesting that APE1 failed to stimulate the ligation of a nick by LIG I that was adjacent a hairpin structure.
DISCUSSION
In this study, we made the first discovery that APE1 promoted the removal of a TNR hairpin (Figures 1 and 2 ) by shortening the upstream 3 -flap via its 3 -5 exonuclease activity (the left panels of Figures 3 and 4) . We found that APE1 specifically facilitated the production of the repaired unexpanded product by stimulating the ligation activity of LIG I (the right panel of Figure 6 ). We further demonstrated that APE1 also stimulated the removal of a large (CAG) 14 repeat hairpin by exonucleolytically cleaving the 3 -flap of a long (CAG) 7 /(CAG) 7 repeat double-flap intermediate (Figure 4 ) as well as stimulating LIG I activity (Figure 6 ). This specifically facilitated the formation of the repaired unexpanded product during BER (the right panels of Figures 3A and B and 6 ). In addition, we showed that the stimulatory effects of APE1 on TNR hairpin removal were not the result of APE1 stimulation of FEN1, because APE1 did not show any stimulatory effects on FEN1 cleavage activity or pol ␤ DNA synthesis ( Figure 5 and Supplementary Figure S2 ). Our results support a model by which APE1 stimulates TNR hairpin removal to prevent TNR expansions (Figure 7) , showing that upon exposure of TNR tracts to oxidative DNA damaging agents and the formation of an oxidized base lesion in the loop region of a TNR hairpin, or relocation of the lesion to the loop, a DNA glycosylase removes the damaged base leaving an abasic site. tion of hairpins by LIG I and the production of repaired expanded product. For this intermediate, APE1 cannot access the nick to interact with LIG I and stimulate the activity of the enzyme (Figure 7 , the left side of the subpathway 2). For the long double-flap intermediate that forms a downstream long flap, FEN1 removes the flap leaving a short upstream 3 -flap. This allows the upstream flap to reanneal into an intermediate with an upstream small repeat bubble with a 3 -annealed region that is subsequently cleaved by APE1 3 -5 exonuclease activity leaving a gapped DNA. Pol ␤ then fills in the gap resulting in a nick, which is sealed by the limited amount of LIG I that is not bound to the nick located in between the two small hairpins. Subsequently, APE1 facilitates the binding of the limited amount of LIG I to the nick. This stimulates the ligation activity of LIG I, thereby promoting the generation of the repaired unexpanded product (Figure 7, right, subpathway 2) .
Here, for the first time, we identified a new role of APE1 in the resolution of the upstream 3 -flap formed during removal of a TNR hairpin through BER. Our findings also provide new insight into how the BER enzymes APE1, pol ␤, FEN1 and LIG I can cooperate to remove TNR hairpins and maintain TNR stability. Although the APE1 exonuclease activity has been shown to be able to remove 3 -mismatched bases and 3 -blocking groups (17, 34, (36) (37) (38) , the biological function of the 3 -5 exonuclease of APE1 remains to be elucidated. Our study demonstrates that during BER in a hairpin loop, APE1 promoted the formation of repaired unexpanded product specifically by exonucleolytically cleaving the upstream strand of a double-flap interme-diate and stimulating the LIG I activity in sealing a nick. We further verified the exonucleolytic cleavage of APE1 on both the short and long double-flap substrates specifically to examine if the 3 -5 exonuclease activity of APE1 is indeed involved in the resolution of both of the short and long double-flaps. Our results showed that APE1 exhibited efficient 3 -5 exonuclease activity on the short double-flap substrate by predominantly cleaving two repeat units from the short upstream strand (Figure 4 , lanes 2-5 and lanes 7-10), whereas it mainly cleaved one repeat unit from the long upstream flap (Figure 4, lanes 13-15 and lanes 19-20) . The results indicate that APE1 3 -5 exonucleolytic cleavage of the upstream flaps plays an important role in preventing and attenuating TNR expansion during the repair of both small-and large-hairpin structures.
Our previous study has shown that the 3 -5 flap endonuclease Mus81/Eme1 protein complex prevents TNR expansions by cleaving the upstream 5 -flap (13) . This indicates that any nuclease that can cleave the upstream 5 -flap may lead to the prevention of TNR repeat expansions during BER in a hairpin loop. Although the 3 -5 exonuclease activity of APE1 has been well established and proposed to serve as a proof-reading enzyme for pol ␤ during BER, its biological function remains to be elucidated. In this study, for the first time, we reveal a novel function of APE1 3 -5 exonuclease activity and APE1 stimulation on the activity of LIG I in preventing TNR expansions via its unique coordination with other BER enzymes. Although the APE1 exonuclease activity is weaker than its AP endonuclease activity and accomplished by a relatively high concentration of the enzyme, the abundance of the enzyme in mammalian cells (10 5 -10 6 molecules/cell) (16) appears to allow it to act as an efficient 3 -5 exonuclease for sustaining TNR stability in cells.
Our results also suggested that for a double-flap intermediate, the upstream flap annealed back to the template strand creating a downstream 5 -flap. Subsequently, APE1 3 -5 exonuclease cleaved the upstream strand creating an upstream gap into which the downstream 5 -flap reannealed to generate a nick. This is supported by the observation that APE1 exonuclease failed to make cleavage on a substrate containing an upstream 3 -flap that fails to anneal with the template strand, indicating that APE1 3 -5 exonuclease cannot endonucleolytically cleave a single-stranded 3 -flap (36) . This further indicates that the APE1 3 -5 exonuclease activity was accomplished through the reannealing of the upstream 3 -flap to the template strand that creates a nick or gap in a DNA duplex through flap equilibration (39) .
Our results showed that APE1 specifically stimulated the production of the repaired unexpanded product, but not the production of repaired expanded products via its 3 -5 exonuclease activity (Figure 4 ) as well as its stimulation of the activity of LIG I ( Figure 6, lanes 14-15 and lanes 17-18) . This was indicated by the production of the repaired unexpanded product during BER with the long double-flap substrate in the presence of low concentrations of APE1 ( Figure 6 , compare lanes 14-15 with lane 13 and lanes 17-18 with lane 16) that exhibit little 3 -5 exonuclease activity (Supplementary Figure S1) . This indicates that APE1 can specifically promote the formation of repaired unexpanded product from BER of a long double-flap substrate by stimulating LIG I activity independent of its 3 -5 exonuclease activity. The production of a large quantity of repaired expanded products suggests that the products were generated by ligation of a nick that was flanked by a small upstream and downstream CAG repeat hairpin structure that provided a limited space for LIG I alone to bind to the nick. This further prevented the binding of both LIG I and APE1 to the nick, thereby preventing any effects from APE1 on LIG I activity. Moreover, it is possible that the nick flanked by two CAG repeat hairpins may also trap LIG I, thereby resulting in depletion of LIG I that reduced the availability of LIG I for generating the unexpanded product. In this scenario, APE1 became critical for recruiting the limited amount of LIG I to bind to the nick at a duplex DNA resulting from the complete removal of the double flaps. This led to stimulation of the formation of the unexpanded product. This notion was supported by our results showing that APE1 failed to stimulate LIG I activity during BER with the short double-flap substrate that led to the production of a nick in a duplex DNA. This further suggests that there was a sufficient amount of LIG I to carry out efficient ligation on a nick in duplex DNA during BER with a short double-flap intermediate because the short double-flaps did not form hairpin structures. This was also supported by the fact that LIG I activity at a nick on duplex DNA can be stimulated by APE1 at a very low concentration of LIG I (0.06-0.1 nM) (25) . Our results indicate that APE1 promoted the removal of a small TNR hairpin by employing its 3 -5 exonuclease activity. It facilitated the removal of a large TNR hairpin by both its 3 -5 exonuclease activity and its stimulation of LIG I activity.
FEN1 was previously shown by the Bambara group to be stimulated by APE1 through a direct interaction between the two enzymes (25) . However, we failed to observe the stimulatory effect on the double-flap substrates. It is possible that with the double flap intermediate, the upstream flap may interrupt the direct interaction between APE1 and FEN1, thereby eliminating APE1 stimulatory effect on FEN1 flap cleavage. It is conceivable that APE1 can be bound to the upstream region of the double-flap intermediate, which is too far away from the base of the downstream 5 -flap of the intermediate. This would prevent the direct interaction between the enzymes and the stimulatory effect.
It should be noted that we found that the formation of unexpanded repaired product from both the short and long double-flap substrates was promoted in the presence of pol ␤ (Figure 1, lanes 10-11 and lanes 21-22, Figure 2 , lanes 10-11 and lanes 21-22, Figure 3A , lanes 24-25, Figure 3B , lanes 33-34 and Figure 6, lanes 17-18) . However, the formation of the unexpanded product from both the short and long double-flap substrates was also observed in the absence of pol ␤ (Figure 1, lanes 6-8 and lanes 18-19, Figure 2 , lanes 7-8 and lanes 18-19, Figure 3A , lanes 6-11 and lanes 21-22, Figure 3B , lanes 7-8, lanes 12-14 and lanes 30-31 and Figure 6 , lanes 4-6 and lanes [14] [15] . This indicates that pol ␤ is not required for the production of the unexpanded product during BER. This is because for both a short and long double-flap intermediate, FEN1 cleavage of the downstream flap along with APE1 3 -5 exonucleolytic cleavage of the upstream strand can result in the production of nicked DNA for ligation as well as gapped intermediates that need to be filled in by pol ␤ gap-filling synthesis for generating nicked DNA for ligation and completion of repair. In addition, we found that the production of the unexpanded product was slightly stimulated by the presence of pol ␤ with both the short and long double-flap substrates, indicating that there is no preference for pol ␤ in the repair of a short or long double-flap intermediate during BER.
Our results showed that repair of the long double-flap substrates led to the formation of expanded products. This is because the long flaps can reanneal with the template to form an intermediate with a small hairpin in the upstream or/and the downstream strand attached with a short flap as described in our previous study (13) . This further indicates that a hairpin intermediate formed in the downstream flap can be further processed by FEN1 alternate flap cleavage resulting in ligation of a small hairpin and production of shortened expanded products, thereby attenuating repeat expansion (13) . However, our results also demonstrated that a significant amount of unexpanded product was generated during repair of the long double-flap intermediate, suggesting that the upstream and downstream flaps were removed completely by the cooperative cleavage activities of APE1 3 -5 exonuclease activity and FEN1 flap cleavage through their direct cleavage of the flaps as well as their cleavage of a series of short flaps formed by a long flap in a stepwise manner.
Previous studies from the Delaney group have shown that a hairpin loop is more susceptible to the formation of oxidative DNA damage such as 8-oxoG than duplex DNA (40) . Moreover, an 8-oxoG formed in the stem region of a hairpin can relocate to the loop region (41) , indicating that the oxidized base lesion preferentially accumulates in a hairpin loop. Although this can further reduce OGG1 binding ability to the oxidized base lesion (12) , we have demonstrated that OGG1 can efficiently remove an 8-oxoG located in the loop of a TNR hairpin within a TNR duplex tract, leaving an abasic site in the loop region. Subsequently, APE1 incises the 5 -side of the abasic site cleaving the loop and converting the hairpin into a double-flap intermediate. This results in removal of the hairpin through BER (13) , demonstrating that BER in a TNR hairpin loop can lead to prevention and attenuation of TNR expansion. Employing synthetic zinc finger endonucleases, which specifically target hairpin structures of a specific sequence (CAG/CTG), the Leffak group has found that a CAG and CTG repeat hairpin structure containing about 46 repeats can be generated in cells (42) . Thus, it is possible that the hairpin substrates with seven more repeats in the upper strand than the lower strand used in our study can be readily generated as a natural DNA replication and repair intermediate in cells. Here, we used the substrates containing an 8-oxoG and abasic lesion in the loop region of a TNR hairpin to mimic a damaged TNR hairpin and its repair intermediate that can be generated during BER to study the mechanism of BER in a hairpin loop. We found that BER was not significantly affected by a TNR hairpin structure.
In this study, we have identified a mechanism by which APE1 prevents TNR expansion with an in vitro biochemical approach. Since there is no in vivo system that has been established to study a mechanism that involves BER protein coordination in modulating TNR stability as yet, development of such a type of in vivo system would be helpful for further elucidating this mechanism in mammalian cells.
Our previous studies have shown that alkylated DNA damage can be induced in expanded GAA repeats associated with Friedreich's ataxia by the chemotherapeutic drug, temozolomide and BER of the alkylated DNA damage subsequently results in large GAA repeat deletions (43) . This occurs as a result of the formation of a TTC loop in the template strand and a downstream GAA repeat flap. Pol ␤ then skips over the loop, and FEN1 cleaves the GAA repeat flap allowing the removal of more GAA repeats than pol ␤ synthesizes. This subsequently leads to repeat deletions (43) . The study indicates that chemotherapeutically induced DNA damage can shorten expanded TNR tracts via BER, and thus potentially be used as novel treatment of TNR expansion-induced neurodegeneration. In this study, we further demonstrated that BER of a DNA base lesion in a hairpin loop resulted in removal of the hairpin through the coordination among APE1 3 -5 exonuclease activity, FEN1 flap cleavage activity and LIG I activity, indicating that the removal of a TNR hairpin via the coordination among major BER enzymes during BER in a hairpin loop also serves as one of the mechanisms that shortens expanded TNR tracts. Our results suggest that multiple mechanisms underlie the shortening of expanded TNR tracts induced by oxidative or alkylating DNA damage via BER as a potential therapy for TNR expansion-related neurodegenerative diseases.
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